Abstract. B cells are critically important for the pathogenesis of IgA nephropathy (IgAN). The present study aimed to investigate the abundance of B cell activating factor (BAFF), which belongs to the tumor necrosis factor superfamily, in the peripheral blood of patients with IgAN. The different forms of BAFF in peripheral blood and its association with clinical features and immunological factors were analyzed. mRNA levels of BAFF and other associated genes in the peripheral blood mononuclear cells (PBMCs) of patients with IgAN and controls were analyzed by quantitative polymerase chain reaction. Cellular BAFF proteins in PBMCs and plasma soluble BAFF proteins were measured by western blot analysis and ELISA, respectively. PBMCs from patients were stimulated with Streptococcus pyogenes (S. pyogenes) ex vivo for the BAFF secretion assay. The data demonstrated that, although mRNA levels of BAFF in PBMC were not significantly increased in patients with IgAN, they were positively associated with those of a proliferation inducing ligand (APRIL), Toll-like receptor (TLR)2, TLR4 and TLR7. The cellular BAFF protein in PBMCs was not upregulated. Plasma BAFF protein levels in patients with IgAN (n=76) were significantly decreased compared with controls. However, plasma BAFF levels were positively associated with serum creatinine, proteinuria, uric acid and group A Streptococcus infection index in patients with IgAN. In patients with IgAN, plasma BAFF concentrations were markedly higher in those with more severe renal tubular atrophy/interstitial fibrosis and global glomerulosclerosis. Furthermore, BAFF production in PBMCs of patients with IgAN was increased following S. pyogenes stimulation ex vivo. In conclusion, plasma BAFF levels in patients with IgAN were associated with renal function and disease activity. S. pyogenes infection was closely associated with BAFF production in patients with IgAN.
Introduction
IgA nephropathy (IgAN) is characterized by the mesangial deposit of IgA-immune complex in the kidneys of patients (1) . The dimeric IgA-secreting-bone marrow B cells are more abundant in patients with IgAN (2) and evidence from animal models suggests that CD19+ B cells are essential for the pathogenesis of IgAN (3, 4) . B cell activation factor (BAFF) and a proliferation inducing ligand (APRIL) are two important factors for B cell homeostasis (5) . BAFF is a pivotal factor for B cell survival, proliferation and maturation (6, 7) . BAFF Tg mice develop an IgAN-like nephritic syndrome, in which IgA production is essential for renal pathology (8) . APRIL controls Ig class-switch recombination towards IgA subclass and gene polymorphism of the APRIL gene is associated with susceptibility to IgAN (9, 10) . Two different transcript variants (NM_006573.4 and NM_001145645.2) exist for the human BAFF gene, resulting in two isoforms of 286aa and 267aa, respectively. Following protein translation and N-glycosylation, Isoform 1 (NP_006564.1) exists either as full-length membrane-associated form, or as a short secreted soluble protein which is cleaved at Arg133/Asn134 by proteinase (11, 12) . However, Isoform 2 (NP_001139117.1) is not subject to cleavage following translation (12) . BAFF and APRIL share two receptors: Transmembrane activator and calcium modulator cyclophilin ligand interactor (TACI) and B cell maturation antigen (BCMA), whereas BAFF also binds to its unique receptor: BAFF receptor (BAFF-R or BR3) (13, 14) . All three receptors are type III transmembrane receptors, belonging to the superfamily of tumor necrosis factor receptors (13) and are predominantly expressed by different subsets of B cells (14) . BAFF is closely associated with autoimmune diseases including systemic lupus erythematosus, rheumatoid arthritis and Sjogren's syndrome, and has become a key therapeutic target for several autoimmune diseases (15, 16) . The serum levels of BAFF are reported to be elevated in autoimmune diseases (17) (18) (19) (20) , which cause exaggerated Ig synthesis and later immune imbalance (21, 22) . Previously, several groups have provided data of serum BAFF levels in IgAN. Xin et al (23) determined that serum BAFF proteins were more abundant in patients with IgAN and were associated with kidney function and renal histopathology. Li et al (24) identified that serum BAFF levels were significantly higher in patients with IgAN and were associated with Toll-like receptor (TLR)-9 mRNA levels. However, McCarthy et al (25) determined that BAFF levels were not elevated in patients with IgAN based on data from two cohorts. As BAFF expression data in peripheral blood of patients with IgAN was not consistent and the combined association of BAFF expression with disease activity was unclear, the present study presented detailed data on BAFF expression in peripheral blood system of patients with IgAN from several aspects: mRNA levels in peripheral blood mononuclear cells (PBMCs), cellular protein levels in PBMCs and plasma protein levels. The capacity of PBMCs to secrete BAFF proteins following the activation of TLRs and Streptococcus pyogenes (S. pyogenes) stimulation was also examined to explore the possible role of BAFF in IgAN.
Materials and methods
Study groups. Verified patients with IgAN and with the clinical features of primary IgAN were enrolled in the First Affiliated Hospital of Sun Yat-sen University (Guangzhou, China). Healthy donors and patients with nephritis who were diagnosed as primary minimal change disease (MCD) or primary membranous nephropathy (MN) were also included as disease controls in the present study. All recruited donors were from the Chinese Han population. All healthy participants were negative for hematuria and proteinuria, and possessed normal serum creatinine content and liver function. All of them provided written informed consent. Patients diagnosed as end stage renal disease were excluded from the current study. None of the patients had been treated with steroids and/or immunosuppressive drugs within one year of the study. All donors were free of clinical infection symptoms 4 days before and 3 days following the day of the blood sample test, nor did they suffer from systemic infection within one month of the test. The present study obtained approval from the Ethics Review Committee of the First Affiliated Hospital of Sun Yat-sen University (Guangzhou, China) and was conducted in accordance with the guidelines proposed in the Declaration of Helsinki.
The renal histopathology of patients with IgAN was categorized according to the Oxford classification (26) . Renal histopathology from all patients was scored by two renal pathologists blinded to the clinical data for the four pathological variables: The mesangial hypercellularity (M), the segmental glomerulosclerosis (S), the endocapillary hypercellularity (E) and the tubular atrophy/interstitial fibrosis (T). Global glomerulosclerosis was also scored according to the proportion of the total number of glomeruli that exhibited glomerulosclerosis: G0, 0-25%; G1, 26-50%; G2, >50% (27) . 
Preparation of PBMCs and gene expression analysis.
PBMCs from venous blood with anticoagulant EDTA-K2 were enriched by Ficoll-paque density centrifugation (700 x g for 20 min). Following centrifugation, cells were washed four times with PBS. Their viability was above 95% as observed with eosin red staining. Total RNA of PBMCs was extracted using TRIzol reagent following the manufacturer's protocols, then treated with DNase I digestion. A total of 200 ng of RNA sample was subjected to reverse transcriptase reaction for 30 min incubation at 37˚C with the cDNA synthesis kit DRR037A (Takara Bio, Inc., Otsu, Japan). The quantitative reaction system was prepared following the protocol of the quantitative polymerase chain reaction (PCR) kit and the reaction was performed for 40 cycles of 95˚C for 30 sec, 58˚C for 30 sec and 72˚C for 30 sec in an ABI7900 instrument (Applied Biosystems; Thermo Fisher Scientific, Inc.). The data were analyzed using SDS2.4 (Applied Biosystems; Thermo Fisher Scientific, Inc.) and Microsoft Excel software (Microsoft, Redmond, WA, USA). The relative gene expression was calculated with the 2 -∆∆Cq method (28), using GAPDH as the internal control.
Detection of cellular BAFF protein in western blot analysis and plasma BAFF protein in ELISA.
Proteins of PBMCs were extracted using RIPA buffer and lysates were separated in SDS-PAGE. The proteins were transferred onto nitrocellulose membranes, blocked with 5% dried milk and then incubated with anti-human BAFF antibody (1:200; cat no. Ab65360; Abcam) and secondary antibody (1:1,000; cat no. 711-035-152; Jackson Immuno Research Laboratories Inc., West Grove, PA, USA) for chemiluminescence development.
Plasma samples were diluted 10 times for BAFF ELISA. Briefly, 96-well plates coated with BAFF antibody (1 µg/ml; cat no. AF124, R&D Systems, Inc.) were blocked with 1% BSA+1% FBS/PBS for 4 h at 37˚C. The wells were washed with PBS containing 0.05% Tween-20 (PBST) and incubated with the diluted sample or standard BAFF proteins at 4˚C overnight. Following washing with PBST, the plates were then incubated sequentially with 100 µl biotinylated anti-human BAFF antibody (0.1 µg/ml; cat no. RH910B; Antigenix America) at 37˚C for 3 h, then peroxidase-conjugated streptavidin in at 37˚C for 60 min. The color was developed with tetramethylbenzidine and stopped by adding 100 µl 2 N HCl. The optical density of each well was measured by spectrophotometer (Spectra Max M5; Molecular Devices, LLC, Sunnyvale, CA, USA) at OD450 nm.
Secretion of BAFF proteins from PBMCs upon TLR ligands and S. pyogenes stimulation ex vivo. PBMCs isolated from
Ficoll-paque density centrifugation were suspended in complete 1640 medium (RPMI-1640 medium, 10% FBS, 100 µg/ml penicillin and streptomycin, 2 mM L-glutamine, 100 mM sodium pyruvate, 55 mM β-mercaptoethanol; all supplied by Thermo Fisher Scientific, Inc.) and then cultured at 37˚C in a 5% CO 2 incubator at a density of 2.5x10 5 PBMCs/well in a 96-well plate. The cells were stimulated with different TLR ligands (TLR2-Pam3CSk4, 1 µg/ml; TLR4-LPS, 1 µg/ml; and TLR9-CpG, 5 µg/ml) or heat-inactivated S. pyogenes (2x10 7 CFU/ml). Following incubation for 72 h, the supernatant of the cell culture was harvested and concentrated for BAFF ELISA. Stimulated PBMCs were also collected for analysis of gene expression in quantitative PCR. For preparation of S. pyogenes, a single colony was cultured in tryptone yeast medium plus 0.2% glucose overnight, then subcultured for another 48 h in 5% CO 2 incubator at 37˚C. The specificity of S. pyogenes was additionally confirmed with S. pyogenes specific primers in PCR as previously performed by Liu et al (29) . The CFU of bacteria was counted on a blood agar plate. The harvested bacteria were inactivated at 70˚C for 1 h then stored at -80˚C for later use.
Statistical analysis. Data were expressed as the mean ± standard error and tested with Student's t-test. For data where three and more groups were involved, a one-way analysis of variance analysis was performed and additional post hoc tests were conducted when P<0.05. The correlation was tested with Pearson's correlation coefficients and presented with scatter plot. Statistical analyses were performed with SPSS software, version 18.0 (SPSS, Inc., Chicago, IL, USA). All statistical assessments were two-sided using a significance value of P<0.05, which was considered to indicate a statistically significant difference. The association among mRNA levels of BAFF, APRIL, their receptors and TLRs. Among the mRNA levels of BAFF, APRIL, BAFF-R, BCMA and TACI in patients with IgAN, a marked positive association existed between BAFF and APRIL mRNA levels (r=0.60, P<0.0001). The mRNA abundance of BAFF was not significantly correlated with those of its receptors (BAFF-R, BCMA and TACI) in either patients with IgAN or disease controls (Fig. 1B) . The positive association between mRNA levels of BAFF and APRIL was also observed in disease controls (r=0.60, P=0.003, Fig. 1C ), however not in healthy controls (r=0.084, P=0.54).
Results

The mRNA levels of BAFF, APRIL and their receptors in
For correlation among mRNA levels of BAFF and those of TLRs, it was identified that BAFF mRNA levels were positively associated with TLR2 (r=0.40, P=0.037), TLR4 (r=0.42, P=0.032) and TLR7 (r=0.52, P=0.083) mRNA levels in patients with IgAN, but not with TLR9 mRNA levels in patients with IgAN ( Fig. 2A) . BAFF mRNA levels were not significantly associated with TLR2/4/7/9 mRNA levels in disease controls (Fig. 2B) . However, the small sample size (n<20) may underestimate the possible correlation of BAFF mRNA with TLRs mRNA in disease controls.
To analyze the possible association between BAFF expression and clinical parameters, 10 parameters representing renal function and immunological response were included for statistical analysis. Statistical data demonstrated that there is no significant correlation between BAFF mRNA levels and age, serum creatinine, 24-h proteinuria, serum uric acid, C-reactive protein, serum C3 protein, serum amyloid A, anti-streptolysin O, anti-DNase B titer, serum IgA or serum IgG in patients with IgAN (Table II) .
BAFF protein levels in PBMCs and in plasma of patients with
IgAN. For the detection of cellular BAFF proteins in PBMCs, 23 healthy controls and 21 patients with IgAN were enrolled for this assay. Proteins extracted from PBMCs were analyzed by western blot analysis to detect the cellular BAFF proteins. Two clear bands at ~35 kDa for BAFF protein in western blot analysis were detected (Fig. 3A) . The detected protein larger in size than predicted was possibly due to N-glycosylation of Table II . Association of BAFF expression levels with clinical parameters in patients with IgAN. BAFF protein as previously reported (30, 31) . When normalized to GAPDH, the abundance of BAFF protein was not significantly altered in the PBMCs of patients with IgAN when compared with healthy controls (Fig. 3B) . For the detection of BAFF proteins in plasma, 67 healthy donors, 76 patients with IgAN, 48 disease controls and 20 patients with lupus nephritis (LN) were recruited. Each plasma sample were repeated at least twice in ELISA. Serum BAFF levels have been reported to be remarkably enhanced in patients with LN (32, 33) , thus these samples were used as the positive control (3,291±309 pg/ml) in the present study. However, plasma BAFF proteins in patients with IgAN were significantly fewer when compared with those in healthy controls (2,049±32.9 pg/ml vs. 2,422±54.2 pg/ml, P<0.0001) and in disease controls (2,049±32.9 pg/ml vs. 2,220±70.4 pg/ml, P=0.014; Fig. 3C ). Meanwhile, the plasma BAFF levels were not associated with BAFF mRNA levels in patients with IgAN (n=27; Fig. 3D ). Plasma BAFF protein concentrations in female and male patients with IgAN were not significantly different (2,049±52.2 pg/ml vs. 2,057±41.5 pg/ml, P=0.91).
BAFF mRNA levels in PBMCs BAFF protein levels in plasma ---------------------------------------------------------------------------------------------------------------------------------
BAFF mRNA levels BAFF protein levels in plasma ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Despite the evidence that plasma levels of BAFF were decreased in patients with IgAN, plasma BAFF levels were positively associated with serum creatinine (r=0.25, P=0.03), 24-hproteinuria (r=0.25, P=0.03), serum uric acid (r=0.27, P=0.02) and anti-DNase B titer (r=0.25, P=0.04) in patients with IgAN (Table II) , which was not observed in disease controls (data not shown). Anti-DNase B titer is an index for group A streptococcus (GAS) infection. S. pyogenes is an important species of gram-positive bacterium that can cause bacterial pharyngitis and the development of post-streptococcal (Fig. 4) . It was determined that plasma BAFF protein levels were significantly higher in patients with a high score in tubular atrophy/interstitial fibrosis and global glomerulosclerosis. A significant association in plasma BAFF levels and glomerulosclerosis percentile (r=0.32, P=0.005) in all recruited patients with IgAN was also identified. Plasma BAFF protein levels were not associated with the grade of mesangial hypercellularity, endocapillary hypercellularity or segmental glomerulosclerosis in the kidney samples of patients with IgAN.
The secretion of BAFF proteins from PBMCs of patients with IgAN upon TLRs or S. pyogenes stimulation ex vivo.
As the mRNA levels of BAFF were closely associated with those of TLRs, and plasma BAFF concentrations were associated with S. pyogenes infection in patients with IgAN, the secretion of BAFF proteins from PBMCs in the presence of TLRs ligands or S. pyogenes stimulation ex vivo was analyzed. TLR7/8 ligand R848 demonstrated very weak stimulatory effect on BAFF secretion in the culture system (data not shown) and therefore was not further investigated in the present study. Activation of TLR2, TLR4 and TLR9 was able to induce BAFF synthesis in PBMCs ex vivo. However, activation of these three TLRs by ligands did not lead to more potent BAFF secretion in patients with IgAN compared with healthy controls (Fig. 5A-C) . However, it was demonstrated that heat-inactivated S. pyogenes induced more BAFF production in the PBMCs of patients with IgAN compared with healthy controls (62.0 pg/ml vs. 43.9 pg/ml, P=0.015; Fig. 5D ). Furthermore, mRNA levels of BAFF and associated genes were analyzed following stimulation and the result demonstrated that BAFF mRNA level was positively associated with those of BAFF-R (r=0.50, P=0.03), TLR2 (r=0.74, P=0.0002), TLR4 (r=0.70, P=0.001) and TLR7 (r=0.54, P=0.02) in S. pyogenes-stimulated PBMCs from patients with IgAN (Fig. 6) . A marginal but non-significant correlation between the mRNA levels of BAFF and APRIL (r=0.44, P=0.076) was also observed for patients with IgAN following S. pyogenes stimulation.
Discussion
The present study provided detailed data on the abundance of plasma BAFF protein, in addition to BAFF mRNA levels and cellular BAFF protein contents in peripheral blood of patients with IgAN. The data demonstrated that, although BAFF abundance was not higher in the peripheral blood systems of IgAN patients as compared with healthy controls and disease controls, BAFF concentration was closely associated with inflammatory factors, kidney function and renal pathology. The previous data of Xin et al (23) also demonstrated that serum BAFF levels were significantly associated with clinical features and glomerular histopathology in patients with IgAN. However, they identified that BAFF serum levels were elevated in Chinese patients with IgAN (23, 24) . One possible reason for this discrepancy is that the present study emphasized that all recruited donors had no clinical symptoms of infection, since infection strongly evokes BAFF expression (31, 35) and PBMCs react quickly towards infection. In the present study, all the donors were clear of any symptoms of infection for at least 4 days prior to obtaining the blood samples. Additionally, all donors were followed up for at least 3 days to ensure their serum BAFF levels in two cohorts (Toronto and Alabama) and they did not observe significant elevation of serum BAFF levels in patients with IgAN when compared with healthy controls.
In the present study, soluble plasma BAFF protein levels were significantly decreased in patients with IgAN while BAFF mRNA levels and cellular BAFF protein levels in PBMCs were not decreased. When interpreting these data, the transcription and later processing of the BAFF gene should be considered. The BAFF gene is translated into two isoforms with distinct functions, in which isoform 1 can exists as a full-length membrane-associated protein or a cleaved short soluble BAFF protein (11, 12, 31) . In quantitative PCR and western blot analysis, all transcript variants/isoforms were targeted for measurement, while in ELISA, only secreted BAFF proteins derived from isoform 1 of the BAFF protein were detected. Another possible explanation is that BAFF proteins are produced by numerous cells throughout the body (14, 36) , not just peripheral blood cells. The decreased plasma BAFF levels reflect fluctuation within the whole body, not just one local site. Also, the binding of BAFF protein (trimer or 60mers) to its receptors resulted in decreased free BAFF proteins in circulation (13) , which possibly happened in IgAN since three receptors of BAFF were all upregulated.
It was identified that BAFF mRNA levels were strongly associated with APRIL mRNA levels in patients with IgAN, in addition to patients with MCD and MN, however not in healthy controls. This result indicated that certain common factors in different types of nephritis regulated the BAFF and APRIL expression with a similar mechanism. Upregulated gene expression of BAFF-R, TACI and BCMA in patients with IgAN, MCD and MN was also detected, which was a new evidence for nephritis. Another novel finding was that in patients with IgAN, gene expression of BAFF was closely associated with those of TLR2, 4 and 7 in PBMCs whether freshly isolated or stimulated by group A Streptococcus, which indicated that BAFF synthesis was closely associated with TLRs abundance in IgAN. He et al (37) identified that TLR3 activation in tonsillar monocytes of patients with IgAN led to enhanced secretion of BAFF and later augmented IgA synthesis.
The connection between IgAN and GAS infection has been reported. The pathogenic antigen of group A Streptococcus-M protein, was detected as deposits in the kidney biopsies of patients with IgAN (38) and provoked the proliferation of IgA-positive B cells in vitro (39) . The evidence that Streptococci promoted IgA class-switch recombination in patients with IgAN (40) additionally supported the hypothesis that it was closely associated with B cell dysfunction in IgAN. The present study identified that plasma levels of BAFF protein were positively associated with anti-DNase B titer in patients with IgAN, however not in disease controls (r=-0.16, P=0.28). More notably, secretion of soluble BAFF proteins was enhanced in the PBMCs of patients with IgAN upon heat-inactivated stimulation with S. pyogenes, compared with healthy controls. This result indicated that BAFF synthesis was sensitively controlled by the action of GAS in IgAN, which suggested a novel possible mechanism of IgAN pathogenesis. S. pyogenes usually launches its first attack on the upper respiratory mucosal system, therefore it is possible that the upper respiratory immune system is crucial in regulating BAFF homeostasis in IgAN.
BAFF is expressed by a wide range of cells and organs within the body and its expression is regulated by multiple cytokines and pathogen antigens, in addition to the local inflammatory environment (22, 35, 41, 42) . BAFF expression in the PBMCs was a part of the complicated BAFF production system, concurrent with its production in local inflammation sites (43) . The present study identified that plasma BAFF levels were positively associated with index of S. pyogenes infection and that the ability of producing BAFF was augmented in PBMCs of patients with IgAN upon being activated by S. pyogenes ex vivo. However, the total plasma BAFF levels were significantly decreased in patients with IgAN, which remains to be elucidated. In the case of patients with lupus, the serum BAFF levels were not associated with BAFF mRNA levels in PBMCs, but rather associated with CRP levels (17, 44) , which also indicated that the origin and regulation of BAFF production was rather complex. To solve this puzzle, the production of BAFF within the whole body and the downstream consumption of BAFF requires careful dissection. However, the way in which the immune system responds to GAS infection remains important for demonstrating the regulation of BAFF synthesis in patients with IgAN.
